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» Historical perspective

* What makes semiconductors special?

* Microelectronics: transistors & integrated circuits
* Optoelectronics

* Micromachines (MEMS*)

* Microsensors

* Microsystems

* MEMS = Micro Electro Mechanical System @ Sandaa
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Waves of Technical Revolutions:
Electricity
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Waves of Technical Revolutions:
Macroscopic Electronics (Vacuum Tubes)
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Waves of Technical Revolutions:
Microelectronics / Transistor

1850 1900 1950 2000 2050
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Transistor

First Transistor
Bell Labs

Transistor Radio

Waves of Technical Revolutions:
Microelectronics / Integrated Circuits
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Waves of Technical Revolutions:
MicroOptics, MicroMachines, Micre ®nsors

1850 1900 1950 2000 2050
\ . |

1
Micro-Sensors

Micro-Machines

I
Micro-Optics
(Optoelectronics)

Waves of Technical Revolutions:
What’s Coming: BioTech, NanoTech, ...

1850 1900 1950

2000 2050
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Bio Technology

Nano Technology

Waves of Technical Revolutions:

Micre Sstem
1850 1900 1950 2000 2050
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How Small is a Micron (um) ?

1 micron
wide line

Copy Paper
Thickness
~ 15 Microns

Human Hair
~ Radius 40 Microns
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From 215t Century Semiconductor @
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Cell Biological and Micro System
Feature Sizes Overlap

Nucleus Ribosome
Eukaryotic
Cells Bacteria Viruses  Proteins
—_— — —

t t t t t t
100 ym 10 pm 1pm 0.1 pm 0.01 pm 0.001 pm

(1 nm)

— — — -
Surface Visible Gate of

Micromachining Light Leading

Features (MEMS) Wave Edge

Length Transistor

Molecules Atom
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What’s a System?
A Set of Interacting Components

Useful
Function




What’s So Special About Micre
Technologies and Micre Sstems?

* Microsystems are not the best choice for every
application

* When Micro-Systems are the best choice it is
because they do one or more of the following
— Significantly reduce volume, weight and power
— Significantly reduce cost
— Significantly improve reliability
— Perform functions that are not possible with macro-
systems
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* What makes semiconductors special?

What Is a Semiconductor?

“Semi”
Good Conductor Good
Electrical <:> Electrical
Conductor Insulator

Semiconductors Can Conduct Current
Using Two Carriers & Two Highways
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~© (Conduction Band)
For Negative Electrons
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4 From 21t Century Semiconductor @ Sandia
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Semiconductor “Alchemy”: Adding Trace Impurities
Makes Large Change in Electrical Properties

Add a Little

Pure Silicon Phosphorous -
Crystal @ Elt‘e‘ctron-r,!ch
I % (“n type”)

Very Small
and Equal
Number of
Electrons & // .
Holes {{ Hole-rich
AddaLitle % | (PP
Boron
From 215t Century Semiconductor Sandia
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A “Junction” Is Formed Whenever Two
Different Semiconductors Are Formed

Junction

n Type p Type

Semiconductor Semiconductor

(lots of electrons) (lots of holes)

NN

« Only allows large currents to flow from “p” to “n” but not in
the opposite direction (“diode”)

* Turn light into electricity

« Emit light (many, but not all, semiconductors)

18 From 21st Century Semiconductor @ Sandia
Technology Handbook, T. Dellin Immmdu'q




The Junction Is The Basic Building Block of
Micre and Opte Hectronics

One Two Junctions Two Junctions +

Junction One Capacitor
AN AN
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» Microelectronics: transistors & integrated circuits
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« Diode « Better Light * MOS Transistor
« Light Emitter Emitter for high density
« Photodetector « Bipolar |r.|teg!'ated
or Solar Cell Transistor circuits
19 From 21st Century Semlconduf:!or Sandia
Technology Handbook, T. Dellin mm ;‘m
A Transistor Is a
Controllable Current Source
Control Signal
Current
——
TRANSISTOR
21 From 21t Century Sem/condu‘c(or @ Sandia
Technology Handbook, T. Dellin Immmdu'q

Two Main Uses of Transistors:
Switches and Amplifiers

Switch

Amplifier

(Digital Electronics) (Analog Electronics)

I
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TRANSISTOR TRANSISTOR

+ fv\ - + fv\ -
A\ U
E.g., Microprocessor, Memory E.g., Sensor, Radio
2 From 21t Century Semiconductor @ Sandia
Technology Handbook, T. Dellin Immmdu'q

There Are Many Types of Transistors:
MOS Dominates High Density ICs

* There are many types of transistors, each with
strengths and weaknesses

* The MOS (“Metal Oxide Semiconductor”)
dominates high density integrated circuits (IC)

— CMOS (Complimentary MOS) refers to building
an IC with two types of MOS transistors

— Silicon is the only material for high density ICs
because it’s the only semiconductor with the
high quality oxide required for MOS

From 215t Century Semiconductor Sandia
23 Technology Handbook, T. Dellin mm

In This Module We Will Consider
The n  Gannel Transistor

Gate Voltage
Ground (0 V) Drain

Conductive Voltage

n type: lots of
electrons
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From 21t Century Semiconductor Sandia
24 Technology Handbook, T. Dellin




Highly Magnified Cross Section
of a Modern Transistor

Electrical
Contact to
Source Gate
Source e Oxide
W Drain
Substrate 15

TSR “7 | Courtesy of
Analytical
Note that gate oxide is too thin to be seen and electrical
contact to gate and drain not shown

From 21¢' Century Semiconductor Sandia
25 Technology Handbook, T. Dellin

How The n  Gannel MOS Transistor Works
As a Voltage Controlled Current Switch

Veare=0V Veate => VinresHoLp
No Current Source to Drain Current
Gate Drain Gate Drain
Source ov 2.5y Source +2.5V 2.5V
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No current until the voltage on the gate is greater than threshold ‘

From 21st Century Semiconductor Sandia

26 Technology Handbook, T. Dellin Moo

There Are Two Complementary Types of
Transistors: n Channel and p- Guannel

n CHANNEL p CHANNEL

p Silicon n Silicon
« Turned on by positive gate + Turned on by negative gate
and drain voltages and drain voltages
Current is due to drift of + Current is due to drift of
negative electrons positive holes
From 21t Century Semiconductor Sandia
Technology Handbook, T. Dellin m‘dﬁ

An Integrated Circuit (IC) Contains A Lot of
Transistors Electrically Connected Together

. - Electrical wiring

between transistors
and to outside
world

- e e Uy

> Transistors

Integrated Circuit: Multiple Transistors
Connected Together On a Single Chip

Fairchild HP Intel

s B
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1961 — 4 Transistors 1981 ~ %z Million 2002 ~ 400 Million

“Moore’s Law”

Transistors Per IC Exponentially Increases

9 From 21st Century Semiconduf:!or Sanda
Technology Handbook, T. Dellin National
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Technology Handbook, T. Dellin

Scaling Down Results In Faster, Better and
Cheaper Transistors

‘ Drawn to the same scale ‘

P — N

: 1.0pym
Source: Sematech Mid-1980s Early 2000°s
Speed ~ 10Mega Hertz ~ Speed ~ 3,000 MHz

(3 Giga Hertz)

From 21t Century Semiconductor Sandia
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To Build An Integrated Circuit Requires An
Ultra @an, High Precision Factory

From 215t Century Semiconductor Sandia
31 Technology Handbook, T. Dellin Nationzl

Many Integrated Circuits Are Produced On a
Single Silicon Wafer

* ICs are made in a “fab”

« Each rectangle on a wafer is
a separate IC

Many wafers are processed
together in a “lot”

At the end of processing the
wafers are tested and cut
apart and the good ICs are
put in packages

Leads to high volume, high
quality, low cost integrated
circuits

2 From 21st Century Semiconductor Sandia
32 Technology Handbook, T. Dellin Nationzl

Complex Integrated Circuits Are Built
Up One Feature At a Time

SILICON

From 215t Century Semiconductor
Technology Handbook, T. Dellin

Moore’s Law Cycle

Every 2-3 Years:
- Double Performance
- Double Transistors/Chip (Original Moore’s Law)
- Halve Cost/Transistor

&%

Growing Investment Increasing
- Fab (+25%l/year) - Sales (+15%lyear)
-R&D - Profits
From 21t Century Semiconductor Sandia
4 Technology Handbook, T. Dellin ]Phnd

Reinventing CMOS
To Sustain The Moore’s Law Cycle

Replace Almost
\ All of the
Fundamental Traditional
Physical and Materials
Material Limits .
New Device
Scaling into the -Large Power 1 Structures
deep sub- Consumption )i (Ultimately non-
micron region _Harder to CMPS
U Transistors)
Performance Slow Down of
Gains s Historic Rates
of
Improvement?

From 215t Century Semiconductor Sandia
35 Technology Handbook, T. Dellin
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* Optoelectronics
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Light to Electricity and Vice Versa Results
Applications of Optoelectronics from Electrons Moving Between Bands
Light to Electricity: Electricity to Light
3 Electron Rises From Electron Falls From
High Valence to Conduction Band to
o E"f' 9y Conduction Band Valence Band
Band .
~ =
i !
Energy of i 1 W
Bandgap 1 :
' i Photon
Low - @_, F of Light
Energy W *********************************
Valence
Photon
Band of Light
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Turning Current Into Light:
LED and Laser Diode

Turning Light Into Current:
Photodetector and Photovoltaics

Light Laser Photodetector Photovoltaics
Emitting Diode (Detect Light) (Solar Cell,
Diode (LED) Generates Power)
Light
Light Light 1 1
l I | Current Current
~— —l— —
-l : o
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Optoelectronics Involves A Wider Range of

Semiconductors Than Microelectronics Microstructures For Guiding Light

« Almost all integrated circuits use silicon

« Optoelectronics involves many semiconductors
— Have to match the semiconductor to the wavelength
(“colors”) of light required
— Have to grow precise, perfect stacks of different
semiconductor crystals

Grated Assisted Ph ic Lattice

MEMS Movable
Direction Coupler Mirror

| We can make photonic integrated circuits. |
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* Micromachines (MEMS*) ‘

43 * MEMS = Micro Electro Mechanical System @ Sandia

Micro Electro Mechanical System
(MEMS)
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MEMS Technologies Allow Two
Primary Functions: Sensing and Actuation

Actuators: Change something
about the environment

Sensors: Learn something
45 about the environment

I. Bulk Micromachining:
“How To Carve Mount Rushmore”

1. Start with a big
block

2. Remove
everything that
doesn’t look like a
president

. i
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Bulk Micromachining:
Etching and Wafer Bonding

Etching Features Into a Substrate

2 W P

(optional) Bond Wafers Together

EUA e
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Packed Gas Chromatography Column
Defined by Bulk Micromachining

Posts Z285um deeP Walls 288




Il. Surface Micromachining:
“How To Build a Keystone Bridge”

1. Build a sacrificial layer
(wood beams)

2. Place the stones on top of
the sacrificial layer

3. Remove the sacrificial layer

Sandia
National
Laborativies

Surface Micromachining:
Mechanical & Sacrificial Layers

(A Deposit sacrificial layer (e.g., oxide)

s B Pattern sacrificial layer

] i Deposit mechanical layer (e.g.,

polysilicon)

Selective release etch to remove
sacrificial layer and “free”
mechanical layer

1

The More Mechanical Levels
The More Sophisticated The Device

2-Level 3-Level 4-Level 5-Level
[ —
e
s
Electosate Mcromolor
Gear Bearing Motor o ceBearing Ciages

oo B E Py A

Silicon Substrate Silicon Substrate T Siicon Substrate
Pin soints

M Polysilicon Level #1 = Polysilicon Level #1 Polysilicon Level #1
B Polysilicon Lovel £2 = Polysiicon Levol #2 = Polysilicon Level #2
= Polysilicon Level #3 = Polysilicon Level #3

& Polysilicon Level #4

W Polysilicon Level #1

Advanced Sensors , | qA
Simple Actuators
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Sensors Complex Sy

lll. LIGA Micromachining:
“How To Make Lots of Plastic Toy Soldiers”

1. Make a mold

2. Make soldiers by
injection molding

3. Reuse mold

Sanda
@ () =,
Complex Microsystems Can Be Built
Using Multi level Surface Micromachining
e
w80
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LIGA Can Form “Tall” Miniature Parts
Uses X-Rays Electroplate Miniature Metal Part Is Lots of
To Form Mold Metal Like Metal Part Reusable Plastic
With “Tall” Nickel Mold for or
Features Plastics or Ceramic
Ceramics Parts
%% %
/i /i s
Sanda
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LIGA Examples

MILLIENGINE ROTARY
ACTUATOR

6:1 Planetary 3
Geared
Transmission |

(Usedon 8
mm diameter
motor)
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Microsensors ‘

“Smart” Sensors All Work
In Basically The Same Way

« Use a physical property that can produce
an electrical signal
— e.g., current flowing in a wire or a

transistor

— e.g., vibrations along a solid surface

- eg., of a micr pic rod of
material

« Find a way to have the thing we want to
sense change that physical property and,
thus, change the electrical signal

— e.g., Hydrogen can change the current
flowing in a transistor

Design an circuit that can detect the change
in the electrical signal when what we want
to detect is present

45° Mirror
Assembled
on large
gear
Pinion
Sandia
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There Are Lots of Things to Sense;
There Are Lots of Sensors
Physical State
Sensing
‘1 Chemical
Sensing
Biological
Sensing
Radiological
Sensing
Sandia
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Micromachined Pressure Sensor
Wafer 2 Cavity
Wafer 1
Membrane Resistor
Motorola
Sanda
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Operation of Bulk MEMS Pressure Sensor
2. Bends Thin
Membrane 3. Elongating
Diffused
| —  Resistor.
Changing Its
Resistance
Q (Piezoresistive
Effect)
1. Pressure (Relative
to Cavity)
Sandia
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Chemical and Biological Sensing
Using Selectively Absorbing Layers

Multiple Coating Chemical Sensor Gene Array for DNA

+ Chemical detection: use polymer layers
* Protein detection: use antibody layers
+ DNA: use single strand of complementary DNA

Sandia
61 @Hﬂnﬂ
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* Microsystems ‘

MChemLab™
Chemical Analysis on a Chip

Gas
Chromatograph
separates
species in time

Preconcentrator
accumulates
species of interest

Acoustic Sensors
provide sensitive
detection

63

Preconcentrator Concentrates Trace
Chemicals in Air

Separation Column, A Long Spiral Groove,
Separates Different Chemical Species

Detectors Measure The Time and Quantity of
Chemicals Leaving the Separation Spiral




Putting It All Together:
Hybrid Integration

Top View Bottom View
Preconcentrators Gas Manifold

SAW Arrays

with phase detectors Gas Chromatographs

with heaters

Sandia
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Putting It All Together:
Monolithic Integration

Analog Devices Air Bag Accelerometer:
MEMS + CMOS

Analog Devices Accelerometer @ -

.
pt
Sanda
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Texas Instruments Digital Mirror Device™

MEMS + CMOS

To Boldly Go Where
People Cannot Easily Go

Micro-Robot Camera in a Pill To Image
the Intestine

Given Imaging

4l @

L
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DMD™ (digital “light switeh’)

Images provided by Texas Instruments
(http://www.ti.com/dIp/docs/developer/reli
ability/)
Sandia
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Advanced 3 [Packaging
Is a Key Enabler of Microsystems

Want to assemble
microsystems in the
smallest possible volume

Challenges to 3-d
packaging include
— Yield

— Test/Failure Analysis
— Power Dissipation

Sandia
@
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Science lased Reliability
Is a Key Enabler of Microsystems

10 ym

Rubbing Surfaces
AN S

This is A “Disruptive Technology”
The Landscape Is Being Changed Forever
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Advanced Computing Is an Key Enabler of
Predictable, Reliability Microsystems

74

* Microsystems are
complex

+ Simulation using high
performance
computers are the key
to

— Systems that work right
the first time

— Systems that are ultra-

reliable
Sanda
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Curing Blindness: Intraocular Retinal Prosthesis
(DOE Office of Biological & Environmental Research)
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Antenna
transimits

radio signal
af vivual
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Module on retinal tissue
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signal ro brain
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For More Information

_+« MESA Program at
Sandia

— http://www.sandia.gov/
mesalindex.html

* MESA Microsystems
Learning Series
— Feedback and
information on future
lectures: dellinta@
sandia.gov
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